In the course of an ongoing synthetic project, we observed an unprecedented reactivity of N-methyl groups in bis(N,N-dimethylaminoethylferrocenyl)phenylphosphinesulfide upon treatment with manganese dioxide (MnO 2 ). The intramolecular course of this reaction resulted in the formation of an unexpected homochiral diaza macrocycle. The target structure was accessible in two steps from known N,N-dimethylaminoethylferrocene.
Introduction
Ferrocene derivatives bearing at least two different substituents at the same ring are planar chiral and represent an important back bone frequently found in ligands for asymmetric catalysis. The ease of introducing a broad range of substituents with various heteroatoms and functional groups at C1 and C2 of the Cp ring has promoted the build-up of ligand libraries. Together with high chemical and configurative stability, ferrocene ligands are well established in asymmetric catalysis, academic research as well as in industry. A particular successful industrial application was the synthesis of the pesticide metolachlor applying the ferrocene-based P,P-ligand Xyliphos [1] . In several cases, the degree of asymmetric induction was further enhanced by the incorporation of a second ferrocene unit [2] . To date, diferrocenes have been used as asymmetric ligands for transition metal catalyzed hydrosilylations [3] , hydride transfer reactions [4] , acetalizations [5] , hydroaminations [6] , hydrogenations [7] , hydroalkoxylations, [8] , and allylic substitutions [2] . Moreover, ferrocene derivatives were also applied as organocatalysts for the Morita-Baylis-Hillman addition [9] , Lu cyclization [10] , and 1,3-dipolar cycloaddition [11] .
As it was frequently observed that catalysts with well-defined geometry show a higher degree of enantioselectivity, we were interested in developing protocols to connect the two ferrocenes with a two to four atom bridge. For the resulting 7-to 8-membered diferrocenophospha macrocycles, a higher degree of rigidity can be expected. Similar structures have been reported by Togni et al. [8] .
Results and Discussion
Scheme 1 presents the synthetic path. We prepared the known key intermediate 2 from enantiopure precursor 1 [12] via stereoselective ortho-lithiation [13, 14] using a known protocol with tert-butyl lithium as the base [8] . The phosphino group was protected as a phosphine sulfide by reaction with elemental sulfur yielding compound 3 quantitatively. From here, we attempted to transform the side chains into ferrocenylmethyl ketones. These groups would enable ring closing via pinacol coupling, Scheme 1 presents the synthetic path. We prepared the known key intermediate 2 from enantiopure precursor 1 [12] via stereoselective ortho-lithiation [13, 14] using a known protocol with tert-butyl lithium as the base [8] . The phosphino group was protected as a phosphine sulfide by reaction with elemental sulfur yielding compound 3 quantitatively. From here, we attempted to transform the side chains into ferrocenylmethyl ketones. These groups would enable ring closing via pinacol coupling, benzoin coupling, or McMurry coupling to yield trans-diferroceno phosphepines potentially useful as asymmetric ligands. Fleischer et al. reported an oxidation procedure for aminomethylferrocenes to remove a chiral auxiliary oxidatively yielding aldehydes [15] . Therefore, we performed a modified MnO2-driven oxidation with 3, but instead of the desired diacetyl compound 5, we recovered a product identified as aminal 4, which was identified by NMR due to its striking similarity with precursor 3, except for the loss of six aminomethyl signals in the 1 H NMR spectrum and the emergence of the CH2 signal at 77.61 ppm in the 13 C spectrum, which corresponds closely to the expected shift of formaldehyde aminal carbons in a ring. It appears that one of the N-methyl groups was oxidized, closing the 10membered ring by forming a C-N bond with the opposite amino group. Formally, one methyl group was lost, but the structure of this by-product was not investigated. Curiously, we recovered only product 4 with the methyl group oxidized instead of the more plausible quasi-benzylic one. This may be due to steric hindrance of the α-methyl group, however, in other experiments, we observed that these positions can in fact be substituted.
MnO2 is well-known as a chemoselective reagent oxidizing benzylic and allylic alcohols or amines to carbonyls selectively. To our knowledge, however, only one work has mentioned a somewhat similar oxidation of aminal carbons to amide equivalents. While we report the activation of an Ar-C-N-C-H bond to form a C-N bond, Tobrmann et al. reported on an oxygen atom insertion into an A-N-C-H bond [16] .
This raises questions about the mechanism. The aminoalkylation protocol reported here does not enable monitoring by NMR, but previously, MnO2-based oxidations were found to take place via a radical mechanism as deduced from a chemically induced dynamic nuclear polarization (CIDNP) Fleischer et al. reported an oxidation procedure for aminomethylferrocenes to remove a chiral auxiliary oxidatively yielding aldehydes [15] . Therefore, we performed a modified MnO 2 -driven oxidation with 3, but instead of the desired diacetyl compound 5, we recovered a product identified as aminal 4, which was identified by NMR (see the supplementary materials) due to its striking similarity with precursor 3, except for the loss of six aminomethyl signals in the 1 H NMR spectrum and the emergence of the CH 2 signal at 77.61 ppm in the 13 C spectrum, which corresponds closely to the expected shift of formaldehyde aminal carbons in a ring. It appears that one of the N-methyl groups was oxidized, closing the 10-membered ring by forming a C-N bond with the opposite amino group. Formally, one methyl group was lost, but the structure of this by-product was not investigated. Curiously, we recovered only product 4 with the methyl group oxidized instead of the more plausible quasi-benzylic one. This may be due to steric hindrance of the α-methyl group, however, in other experiments, we observed that these positions can in fact be substituted.
MnO 2 is well-known as a chemoselective reagent oxidizing benzylic and allylic alcohols or amines to carbonyls selectively. To our knowledge, however, only one work has mentioned a somewhat similar oxidation of aminal carbons to amide equivalents. While we report the activation of an Ar-C-N-C-H bond to form a C-N bond, Tobrmann et al. reported on an oxygen atom insertion into an Ar-N-C-H bond [16] .
This raises questions about the mechanism. The aminoalkylation protocol reported here does not enable monitoring by NMR, but previously, MnO 2 -based oxidations were found to take place via a radical mechanism as deduced from a chemically induced dynamic nuclear polarization (CIDNP) NMR experiment [17] . Therefore, we speculate that this novel chemoselective C-N bond formation might also take place via a radical mechanism. Why was the methylamine carbon activated and not the more stable carbon adjacent to ferrocene? The most plausible reason is the bulky, substituted ferrocene unit sterically hindering contact with the surface of the reactive MnO 2 particles and might be a consequence of the heterogeneous reaction type.
Supplementary Materials:
The following are available online, Figure S1 : 1 H-HMR spectrum of compound 3, Figure S2 : 13 C-NMR spectrum of compound 3, Figure S3 : 1 H-NMR spectrum of compound 4, Figure S4 : 13 
